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Top quark in the SM 5

* The top quark is the heaviest known
elementary particle described by SM and
has a mass of 172.5 GeV (ATLAS+CMS)

three generations of matter
(fermions)
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* Due to its large mass, the predicted
top quark lifetime (~ 5 x 102> s) implies
that it decays before forming hadrons



The role of the top quark

Top quark couples to other SM fields through
its gauge and Yukawa interactions.

W helicity and several
single top quark measurements

single top
top decay
Differential cross-sections, W :
spin correlations, % %
charge asymmetry, etc. EE{# 11e2 M Top Yukawa coupling

trg 9 top H tH

Top weak isospin



The top quark production and decay :4

 Top quark pair production governed by strong
interaction:

g t

g r

* The top quark decays almost 100% to a W-boson

and b-quark (V4 ~ 1), and the final state topology is
given W-boson decays:

Top Pair Branching Fractions

Decay mode | Branching fraction [%] "alljets™ 46%
W — qq 67.41 + 0.27 (6/9)
W — e, 10.71 + 0.16 (1/9) vHets 15%
W — ub, 10.63 + 0.15 (1/9)
W — o, 11.38 + 0.21 (1/9)

n+jets 15%

¢ c+iets 15%
"dileptons™ Single-lepton



Producing top quarks at the LHC :5

S \ The ATLAS and CMS experiments at the LHC
have accumulated millions of top quark events
/ (~ 500 top quark pairs per minute),

sustained by data from the LHCb experiment
bunches -:-'.-:N ﬂ'ﬂﬁ# in forward regions

Hadronisati Final states are measured
10" protons Q adronisation process by different detectors

.'I-

i

partons (q/g)
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The hard interaction is described
in terms of cross-section (o)




Top quark production cross-section at the LHC 6

Standard Model Total Production Cross Section Measurements Status: October 2023 g ¢
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Top quark production cross-section at the LHC g

Standard Model Total Production Cross Section Measurements Status: October 2023
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The production of a W boson in association with jets has a similar final state (Wbb)
but a cross-section which is three orders of magnitude higher!



Low pile-up data at the LHC :8

CMS

* In Nov. 2017, ATLAS recorded one week of proton-
proton collisions at Vs=5.02 TeV

- Main motivation is bridging the energy gap and
understand better the fundamental physics behind
different operating conditions, as well as providing a
proton reference sample for heavy-ion analyses

LINAC2

\s=5.02 TeV

fgg__ ATLAS Online2017,13TeV  [Ldt=46.91b™ ]

160E B <u>=37.8 _
140F .
120F
100}

It had very low number of
additional interactions per
bunch crossing (pileup):

/ <p>=2

2t In-situ correction needed as we have
e 20 30 20 50 60 %0 lower noise th_resholds compared to the
Mean Number of Interactions per Crossing “usual” high pile-up (<p> = 38) data!

Recorded Luminosity [pb/0.1]




Measuring o(ttbar) at Vs=5.02 TeV with ATLAS f

Published June 2023
JHEP 06 (2023) 138

CERN Courier Sep/Oct 2022

ATLAS

Low-pileup data pin down top-quark production

he
ing quarks andgluons.
.

44m

ALICE LHCb

25m

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters
radiation fracker

Semiconductor fracker

LINAC2


https://link.springer.com/article/10.1007/JHEP06(2023)138
https://home.cern/resources/courier/physics/cern-courier-sepoct-2022

Jet re-calibration at Vs=5.02 TeV

* Dedicated jet-energy scale and resolution calibration performed.

* The technique called “Z+jet balance” exploits the transverse momentum balance
between the jet recoiling a Z-boson (that decays to electrons or muons)

 To first order, the sum of all transverse momenta in an event at ATLAS should be

zero. A non-zero sum of pT in an event from a process containing jets could indicate
a flaw with the jet energy calibration.

.| CMS Experiment at LHC, CERN
C S }| Data recorded: Sat Oct 6 11:30:49 2012 CEST
i| Run/Event: 204564 / 448966153

[F5e §| Lumi section: 408
%< 3
A1

Muon 1,
pt=266.13
eta =-0.080,
phi = -0.590/

Muon 0, By

pt = 147.81 N
eta=-0.124
phi = -1.051 X g

e ‘ ~

g q :

\




Jet re-calibration at Vs=5.02 TeV 4

- Select same-flavour opposite-sign lepton pair such as the dilepton mass is
between 81 < m(ll) < 101 GeV (the Z-boson candidates)

* Look for a recoiling jet, i.e. events with a back-to-back topology of jet wrt. to the Z-
boson (azimuth A > 2.8)
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=z L - C ]
C ] 1.05— —
1500+ ] - .
C i = —]
L i E* ) ey el 1 E
1000~ 7] 095/ T ' -
L , - —_—t ]
B - rt—— .
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* Measure pT(reference) and pT(jet) / pT(reference) in data and in MC
simulations: must be balanced in the transverse plane!



ttbar at Vs=5.02 TeV: qgbar or gg? :12

» Unique opportunity to study top-quark production at a previously unexplored
energy in ATLAS:

v 25% of ggbar-initiated events (at LO), compared to 11% at 13 TeV

1 (
1 —— qgbar ‘\ g t
107 & AN
101 4 /
2 100 4 _
S g t
1071 4
q t
1072 4
E \ \
2000 4000 6000 8000 10000 12000
VS GeV
q t




Finding top quarks in the single-lepton channel :13

background, i.e. select events that pass either a single-
electron or a single-muon trigger.

* Select events that contain exactly one electron or
muon candidate with pT > 25 GeV, 2 2 jets, 1 or 2 b-jets
with pT > 20 GeV, and MET > 30 GeV

Events

Data / Pred.

* The single-lepton final state arising from ttbar decay is

characterised by one charged lepton, one neutrino,

and at least four jets, out of which two are b-tagged.

* First, define a trigger to remove different overwhelming
g

T T
3500 ATLA 1+>2j=1b
(s =5.0§ TeV, 257 pb™ Pre-Fit
3000

 Data2017 1 main background - Monte Carlo (MC)
R 72,1 msirge op e ; b simulated event samples
+jets
e ) 35 Other bkg. NV 5 | areused todevelop the

1500 Vs I Vis-ID lepton |
@ ' - Uncertainty
1000 M
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analysis procedures,

evaluate signal and

s / background contributions,
W

0
1.25
L7
0.75
0.5

and compare the predicted
distributions with data.
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7

2 3 4 5 6 7 >8
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ttbar at Vs=5.02 TeV: single-lepton channel :14

_ _ REGION NAME | JET MULTIPLICITY | b-JET MULTIPLICITY
. Eve_nts passing the selectlon. | (+2i>1b > >
requirements were further split into £+3j 1b 3 |
six orthogonal regions based on (+3j 2b 3 2
number of jets and b-tagged jets (+>4j 1b >4 I
{+4j 2b 4 2
(+25j2b > 5 2

C+2j>21b C+3j1b (+3j2b (+241b (+4j2b (+2>552D

1t 194 + 27 31033 199+24 690+60  318+32  380+60
Single top 195+22 98 + 12 38+5 67+9 22 +4 15.9+£2.7
W+ jets 1700 +£400 690+210 58 +23 350120  30+14 19+ 10
Other bkg. 110 +£40 55+23 7.2+3.0 20+ 12 3515 3.7+x1.7
Misidentified leptons 250+ 130 110+ 60 10+5 60 + 30 6+3 8+5

Total 2500 £400 1260+210 312+34 1200+£160 380+40 430+70

Data 2411 1214 293 1135 375 444




ttbar at Vs=5.02 TeV: single-lepton channel

* Events passing the selection
requirements were further split into
six orthogonal regions based on
number of jets and b-tagged jets

v" This created subsamples with
different levels of signal and
background, each having an excellent
agreement of rates and shapes

ATLAS
{s=5.02TeV, 257 pb"

| 1+211b]

—_
o
o
o

Events / bin

¢ Data 2017
[t
[ Single top
B W+jets
[ Other bkg.
I Mis-ID lepton |
7 Uncertainty

Data / Pred.

50 100 150 200 250 300 350 400 450 500
H* [GeV]

Data / Pred.

REGION NAME | JET MULTIPLICITY | b-JET MULTIPLICITY
{+2j>1b > 1
{+3j 1b |
{+372b R 2
{+>47 1b > 4 |
{(+4j 2b 2
{+>572b > 5 2

2 120t ATLAS I+4i2b
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2 .
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LI+412I:> | *0
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60! Z I Other bkg.
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40k /V 7 Uncertainty




ttbar at Vs=5.02 TeV: signal vs background

16

* Boosted Decision Trees (BDT) are used to separate the signal from background
events and extract the ttbar production cross-section

* 6 variables chosen to have good signal-to-background separation and in combination
provided greater separation than other choices
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ttbar at Vs=5.02 TeV: BDT in single-lepton channel £

Events / bin

Data / Pred.

Events / bin

Data / Pred.

- Compare the shapes of the BDT outputs in each region with data

* Interpreted by a statistical model that employs the expected distributions for both the
background and signal contributions in the six regions.
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ttbar at Vs=5.02 TeV: uncertainties

18

Category o7 | Y]
Dilepton || Single lepton
tf generator’ 1.2 1.0
tf hadronisation®" 0.3 0.9
1t hgamp and scale variations’ 1.0 1.1
tt parton-distribution functions’ 0.2 0.2
Single-top background 1.1 0.8
W/Z+jets background™ 0.8 24
Diboson background 0.3 0.1
Misidentified leptons® 0.7 0.3
Electron identification/isolation 0.8 1.2
Electron energy scale/resolution 0.1 0.1
Muon identification/isolation 0.6 0.2
Muon momentum scale/resolution 0.1 0.1
Lepton-trigger efficiency 0.2 0.9
Jet-energy scale/resolution 0.1 1.1
\/s = 5.02 TeV JES correction 0.1 0.6
Jet-vertex tagging < 0.1 0.2
Flavour tagging 0.1 1.1
ESs 0.1 0.4
Simulation statistical uncertainty* 0.2 0.6
Data statistical uncertainty* 6.8 =
Total systematic uncertainty 3.1 4.2
Integrated luminosity 1.8 1.6
Beam energy 0.3 0.3
Total uncertainty 7.5 4.5

- Largest uncertainties:
luminosity (1.6%), signal
and background modelling,
object reconstruction

* Dilepton measurement:
6.8% data statistical
uncertainty

» Single-lepton: 4.2% total
systematic uncertainty and
1.3% data statistical



ttbar at Vs=5.02 TeV: uncertainties

19

« Combination of a cut-and-count
dilepton result with a binned PLL fit
in single-lepton channel:

v Traditional methods like
BLUE do not consider post-fit
correlations

v~ Using Convino tool (Eur.
Phys. J. C(2017) 77 792)

v Minimising a x? with 3 terms:

2
X

Y (Rt ) + 2

(04

Category o0 [Ye]
Dilepton  Single lepton | Combination

tf generator’ 1.2 1.0 0.8
tf hadronisation®" 0.3 0.9 0.7
1t hgamp and scale variations’ 1.0 1.1 0.8
tt parton-distribution functions’ 0.2 0.2 0.2
Single-top background 1.1 0.8 0.6
W/Z+jets background™ 0.8 24 1.8
Diboson background 0.3 0.1 < 0.1
Misidentified leptons® 0.7 0.3 0.3
Electron identification/isolation 0.8 1.2 0.8
Electron energy scale/resolution 0.1 0.1 < 0.1
Muon identification/isolation 0.6 0.2 0.3
Muon momentum scale/resolution 0.1 0.1 0.1
Lepton-trigger efficiency 0.2 0.9 0.7
Jet-energy scale/resolution 0.1 1.1 0.8
\/s = 5.02 TeV JES correction 0.1 0.6 0.5
Jet-vertex tagging < 0.1 0.2 0.2
Flavour tagging 0.1 1.1 0.8
ESs 0.1 0.4 0.3
Simulation statistical uncertainty* 0.2 0.6 0.5
Data statistical uncertainty* 6.8 1.3 1.3
Total systematic uncertainty 3.1 4.2 3.7
Integrated luminosity 1.8 1.6 1.6
Beam energy 0.3 0.3 0.3
Total uncertainty 7.5 4.5 3.9

2

Ks,a

b)

2

Xut, o

b)

X

- the result of each measurement
a and its statistical uncertainty

- correlations between syst.
uncert. and constraints on them
from the data for each a

- correlation assumptions between
uncertainties of two measurements



https://link.springer.com/article/10.1140/epjc/s10052-017-5345-0

ttbar at Vs=5.02 TeV:

uncertainties 4

Category o0 [Ye]
Dilepton  Single lepton  Combination
tt "EIl?ld[Olv 1.2 1.0 0.8 ° Post_fit uncertainty
tr hacllonmitmfr. 0.3 0.9 0.7 .
17 hgamp and scale Vagiations' 10 L1 0.8 correlations accounted for
tt parton-distribution m«un,tlom 0.2 0.2 0.2 in the combination
Single-top background .”u,. 1.1 0.8 0.6
W/Z+jets background,, .."*. 0.8 24 1.8
Diboson background \”.(}'3 0.1 < 0.1
Misidentified leptons® ""~.I?,e§r" 0.3 0.3
Electron identification/isolation 0.8 ".’:.'"n.,.l 2 0.8 * Priors for the correlations
Electron energy scale/resolution 0.1 *o (}.'I"u.,. < 0.1 PR s e
Muon identification/isolation 0.6 '(‘l'..';. e, 0.3 3 Spl]t in 3 Categor]es°
Muon momentum scale/resolution 0.1 0.1 ", {} T .., . *
Lepton-trigger efficiency 0.2 0.9 e, 07 o unique (uncorrelated),
_]e[_energ}s gc;_]_]efrego]u[jon( """"""" Okecnniinnnn., l.-.]- .......... ::” 0.8
Vs = 5.02 TeV JES correction 0.1 0.6 oy 1-to-1 (fully COrrelated)
Jet-vertex tagging < 0.1 0.2 0.2 .,
Flavour tagging 0.1 1.1 0.8 - 1 _to_manyT ('| e Separate
Emiss 0.1 0.4 0.3 NPs i h ) l
Simulation statistical uncertainty* 0.2 0.6 0.5 . > "? one c a.nne ),ff
Data statistical uncertainty* 6.8 1.3 1.3 ]nveSt]géted using different
otal systematic uncertainty 3. 4.2 3.
Total sy \ 3.1 42 3.7 correlations
Integrated luminosity 1.8 1.6 1.6
Beam energy 0.3 0.3 0.3
Total uncertainty 7.5 4.5 3.9




ttbar at Vs=5.02 TeV: uncertainties
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Category o7 | Y]
Dilepton || Single lepton | Combination

tf generator’ 1.2 1.0 0.8
tf hadronisation®" 0.3 0.9 0.7
1t hgamp and scale variations’ 1.0 1.1 0.8
tt parton-distribution functions’ 0.2 0.2 0.2
Single-top background 1.1 0.8 0.6
W/Z+jets background™ 0.8 24 1.8
Diboson background 0.3 0.1 < 0.1
Misidentified leptons® 0.7 0.3 0.3
Electron identification/isolation 0.8 1.2 0.8
Electron energy scale/resolution 0.1 0.1 < 0.1
Muon identification/isolation 0.6 0.2 0.3
Muon momentum scale/resolution 0.1 0.1 0.1
Lepton-trigger efficiency 0.2 0.9 0.7
Jet-energy scale/resolution 0.1 1.1 0.8
\/s = 5.02 TeV JES correction 0.1 0.6 0.5
Jet-vertex tagging < 0.1 0.2 0.2
Flavour tagging 0.1 1.1 0.8
ESs 0.1 0.4 0.3
Simulation statistical uncertainty* 0.2 0.6 0.5
Data statistical uncertainty* 6.8 = 1.3
Total systematic uncertainty 3.1 4.2 3.7
Integrated luminosity 1.8 1.6 1.6
Beam energy 0.3 0.3 0.3
Total uncertainty 7.5 4.5 3.9

» Largest uncertainties:
luminosity (1.6%), signal and
background modelling, object
reconstruction

» Single-lepton: 4.2% total
systematic uncertainty and
1.3% data statistical

* Dilepton measurement:
6.8% data statistical
uncertainty

* Combination of both single-
lepton and dilepton channels
leads to a final uncertainty of
just 3.9%.



ttbar at Vs=5.02 TeV: result 4

oz = 67.5 £ 0.9(stat.) + 2.3(syst.) + 1.1(lumi.) = 0.2(beam) pb

(3.9% precision)

U I T 1 1 I I T 1 I T
. ATLAS+CMS Preliminary
LHCtopWG April 2024

—
o
w

NNLO+NNLL, PDF4LHC21 (pp)

= NNLO+NNLL, PDF4LHC21 (pB)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
My = 172.5 GeV, as(MZ) =0.118 £ 0.001

 Result is consistent with the
NNLO+NNLL QCD prediction
of 68.2 + 5.2 pb, and exceed
the relative precision of
theoretical calculations (7.6%)

Tevatron comb. (1.96 TeV, <8.8 fb™) [1]
ATLAS comb., ee, uu, ey, l+jets (5.02 TeV, 257 pb") [2]
CMScomb”euJﬂem*(&OZTeV,SOEpUB[ﬂ
LHC comb., LHCtopWG, ep (7 TeV, 5 fb™) [4]
LHC comb., LHCtopWG, ep (8 TeV, 20 fb™) [4]
ATLAS, eu (13 TeV, 140 o) [5]

CMS, eu (13 TeV, 35.9 fb™) [6]

ATLAS, l+jets (13 TeV, 139 fb) [7]

CMS, I+jets (13 TeV, 137 o) [8]

ATLAS, eu (13.6 TeV, 29 1b™) [9]

CMS, ee, uy, ey, l+jets (13.6 TeV, 1.2 ™) [10]
[6] EPJC 79 (2019) 368
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https://www.sciencedirect.com/science/article/pii/S0370269320306006?via=ihub

ATLAS single-lepton result comparison using PLL :23

Uncertainty 698 pb! 20.2 fb! 139 fb! 257 pb!

(%) @ 7 TeV @ 8 TeV @ 13 TeV @ 5.02TeV
Electrons 1.6 1.4 0.6 1.2
Muons 2.3 14 0.5 0.2
Jets 2.0 1.1 2.6 1.1
Flavour tagging - 0.7 1.3 1.1
Generator 3.09 1.1 - 1.0
Parton shower 0.5 1.3 2.9 0.9
W+jets bgd 0.5 1.1 2.0 2.4
Total systematic 5.0 5.7 4.6 4.2

*) evaluated outside the fit
698 pbt @ 7 TeV: ATLAS-CONF-2011-121 (2011)

20.2fb1 @ 8 TeV: Eur. Phys.J. C 78 (2018) 487
139 bt @ 13 TeVv: Phys. Lett. B 810 (2020) 135797



https://www.sciencedirect.com/science/article/pii/S0370269320306006?via=ihub
https://cds.cern.ch/record/1376413?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-018-5904-z

ATLAS single-lepton result comparison using PLL :24

Uncertainty 698 pb! 20.2 fb! 139 fb! 257 pb?

(%) @ 7 TeV @ 8 TeV @ 13 TeV @ 5.02TeV
Electrons 1.6 1.4 0.6 1.2
Muons 2.3 14 0.5 0.2
Jets 2.0 1.1 2.6 1.1
Flavour tagging - 0.7 1.3 1.1
Generator 3.09 1.1 - 1.0
Parton shower 0.5 1.3 2.9 0.9
W+jets bgd 0.5 1.1 2.0 2.4
Total systematic 5.0 5.7 4.6 4.2

V.S. V.S.0.P. X.O. Hors d’age




ttbar at Vs=5.02 TeV: PDF reduction /.

* The measured value is compatible + Addition of new data shows a 5%
with the predictions of several parton reduction in the gluon PDF uncert.
distribution functions (PDF) considered, in the region of Bjorken-x of 0.1
except ABMP16 (expected since has
softer gluon PDF and predicts lower <~ | Q?=10000GeV2  ATLAS
. a
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ttbar at Vs=5.02 TeV: new results from CMS!

* CMS just released (Abril 2024) a
new result in the single-lepton
channel, and a combination with
previous dilepton result

* Also using a multivariate analysis
technigue and applying a jet energy
scale correction!

* CMS measures a combined o(tt) of
61.2 £ 3.2 pb (5.2% precision)

* In agreement with the SM prediction
and with previous measurements
from CMS and ATLAS!
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CMS Preliminary

o . summary,(s = 5.02 TeV

NNLO+NNLL PRL 110 (2013) 252004
"My, =172.5 GeV, (xs(Mz) = 0.118+0.001

scale uncertainty
scale® PDF @ ag uncertainty

March 2024

total stat

o, (stat)£ (syst)£ (lumi)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-005/index.html

First ever o(single top) at Vs=5.02 TeV :27

Accepted past week to Phys.Lett. B!
https://arxiv.org/abs/2310.01518
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https://arxiv.org/abs/2310.01518

Single top quark production cross-section at the LHC :28

Standard Model Total Production Cross Section Measurements Status: February 2022
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Single top quark via Electro-Weak production!



Finding single-top quarks in the single-lepton channel :29

* The single-lepton final state arising
from single-top decay is
characterised by one charged lepton,
one neutrino, one b-tagged jet

* The spectator-quark jet tends to
be produced in the forward direction!

* Select events that contain exactly

one electron or muon candidate with

g OOpT T T - pT > 18 GeV, exactly 2 jets, with b-
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single top quark at Vs=5.02 TeV: BDT

* Profile maximume-likelihood fit to the BDT discriminant distributions in two channels:
lepton with positive and negative charges (single-top-quark and single-top-antiquark).

» Expected: 66 single-top events!

Source Number of events

T +jets £ +jets
tq+1tq 49+9 17+8
W + jets 23+5 12+3
Misidentified leptons 7+3 7+3
1 3£0.5 305
Z + jets and diboson 2+1 2+1
Other single-top-quark production 1+0.2 1+0.5
Total predicted 85+9 42+7
Data 85 42

Events
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* We are observing the single-top production with a 6.10 significance!
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single top quark at Vs=5.02 TeV: result

L

o(tqg+tqg) = 26.6

+4.
—4.

* Result i1s consistent with the
NNLO QCD prediction of 30.3
+ 0.6 pb

* First ever measurement of
the single-top production at
this energy!

* Provides another
independent test of the SM
predictions!

Inclusive cross-section [pb]
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Conclusions :32

Inclusive o(tt) is a standard candle at LHC, allows us to test QCD
predictions and constrain parameters such as top mass, ag and PDFs.

Large statistics is not a guarantee of high precision - we are limited
by systematic uncertainties, both experimental and theoretical.

High precision measurements require the use of different decay
channels, optimisation of the analysis strategy, application of multivariate
techniques and careful assessment of systematic uncertainties
through detected object calibration.

With just a single week of data, one can obtain results even more
precise than those using 3 years of data.

5 TeV measurements of top quarks bridge the gap between the energy
regime explored at the Tevatron (2 TeV) and the nominal LHC collision
energies (7, 8, 13, 13,6 TeV), thereby testing the SM predictions in an
Intermediate regime.

The good (or bad depending on your opinion): so far all the
measurements are consistent with the SM prediction.
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